The glycine-utilizing bacterium Clostridium litoralis contained two enzyme systems for oxidizing dihydrolipoamide. The first one was found to be a genuine dihydrolipoamide dehydrogenase, present only in low amounts. This enzyme had the typical dimeric structure with a subunit molecular mass of about 53 kDa; however, it reacted with both NADP (Km 0.11 mM) and NAD (Km 0.5 mM). The reduction of pyridine nucleotides by dihydrolipoamide was the strongly preferred reaction. A second dihydrolipoamide-oxidizing enzyme system consisted of the interaction of two proteins, the previously described NADP(H)-dependent electron-transferring flavoprotein (D. Dietrichs, M. Meyer, B. Schmidt, and J. R. Andreesen, J. Bacteriol. 172:2088Bacteriol. 172: -2095Bacteriol. 172: , 1990) and a thioredoxin. This enzyme system was responsible for most of the dihydrolipoamide dehydrogenase activity in cell extracts. The thioredoxin did not bind to DEAE, was heat stable, and had a molecular mass of about 15 kDa. N-terminal amino acid analysis of the first 38 amino acid residues resulted in 38% homology to Escherichia coli thioredoxin and about 76% homology to a corresponding protein isolated from the physiologically close related Eubacterium acidaminophilum. The protein of the latter organism had a molecular mass of about 14 kDa and stimulated the low dihydrolipoamide dehydrogenase activity of the corresponding flavoprotein. By this interaction with NADPH-dependent flavoproteins, a new assay system for thioredoxin was established. A function of thioredoxin in glycine metabolism of some anaerobic bacteria is proposed.
Eubacterium acidaminophilum and Clostridium litoralis (previously called bacterium W6) are physiologically close related anaerobic organisms specialized with respect to fermentation of glycine and serine if no additional hydrogen donor or acceptor is present. Betaine and sarcosine act only as electron acceptors, thus allowing the utilization of some other amino acids. The two organisms differ with respect to G+C content and some other characteristics (5, 13, 18) . Thus, a taxonomic relationship should be excluded, although strong cross-reactivity is observed with use of antibodies raised against proteins involved in the glycine decarboxylase and glycine reductase complexes of E. acidaminophilum (2, 6, 7) . In the latter organism, dihydrolipoamide dehydrogenase activity is associated with a protein of exceptionally small molecular size (68 kDa) that is attached to the cytoplasmatic membrane and forms a complex with the selenoprotein PA of glycine reductase (7, 8) . Therefore, this protein was more thoroughly studied on a comparative basis (3, 4, 8) . The N-terminal sequence data obtained for this protein from E. acidaminophilum and for a corresponding electrontransferring flavoprotein (ET-FP) of Clostridium sporogenes exhibit a strong homology to thioredoxin reductase of Escherichia coli but not to dihydrolipoamide dehydrogenase of other anaerobic bacteria (4) . Therefore, we now prefer to call this protein electron-transferring flavoprotein instead of atypically small dihydrolipoamide dehydrogenase. The corresponding protein from C. litoralis, which cross-reacts with anti-E. acidaminophilum ET-FP immunoglobulin G (4), did not react with dihydrolipoamide as an electron donor or lipoamide as an electron acceptor. Thus, it might function * Corresponding author. only in the glycine reductase complex, and not in the glycine decarboxylase (8) . To compensate for the lack of dihydrolipoamide dehydrogenase activity by the ET-FP, C 
with dihydrolipoamide dehydrogenase activity as the net reaction (equation 3). However, the actual reaction sequence might be more complex, because a further stimulating interaction by a second protein of small weight has been observed.
In anaerobic fermentative bacteria, thioredoxin is only known to be present in the saccharolytic Clostridium pasteurianum; however, its physiological function is unknown (10) . Like C. litoralis, E. acidaminophilum contained a thioredoxin that stimulated the low but genuine dihydrolipoamide dehydrogenase activity of the ET-FP. A function of thioredoxin in glycine metabolism seems to be probable for E. acidaminophilum and C. litoralis, which are both quite specialized with respect to glycine fermentation (5, 8, 18) .
MATERIALS AND METHODS
Chemicals. Chemicals and marker proteins were obtained from sources as described before (4) .
Organisms, growth conditions, and cell extract preparation. C. litoralis (previously called bacterium W6; DSM 5388) was anaerobically grown on a medium containing 50 mM betaine and 25 mM alanine; E. acidaminophilum (DSM 3953) was grown on 50 mM glycine. Cell extracts were prepared as described before (4) .
Enzyme assays. Dihydrolipoamide dehydrogenase was tested as described before (3) . Electron transferase activity from NAD(P)H to benzyl viologen or dichlorophenolindophenol (DCPIP) as an acceptor was assayed as described previously (3, 7) . For Km determinations of dihydrolipoamide dehydrogenase, the NAD(P) concentration was varied from 0.1 to 1 mM at 1.5 mM dihydrolipoamide, and the dihydrolipoamide concentration was varied for Km determinations from 0.25 to 2 mM at three times the Km of NAD(P). The activities of ET-FP and thioredoxin with 5 mM dithiothreitol or dithioerythritol or with 1.5 mM dihydrolipoamide were measured at 30°C in 50 mM Tris buffer, pH 8.5, containing 0.5 mM NAD(P) and 1 mM EDTA. Oxidase activity was measured in 02-saturated 50 mM Tris buffer, pH 8.5, containing 0.5 mM NAD(P)H and 1 mM EDTA.
Thioredoxin was assayed by a complementation assay in which the addition of thioredoxin gave rise to a dihydrolipoamide dehydrogenase activity by the purified ET-FP (6.25 jig of protein), which was measured as NADPH formation at A340, using 1.5 mM dihydrolipoamide as an electron donor.
Purification of thioredoxin, ET-FP, and dihydrolipoamide dehydrogenase of C. litorals. All three proteins were purified starting from the same crude extract of C. litoralis containing 7,436 mg of protein. The extract was applied to a column (5 by 30 cm; bed volume, 140 ml) of DEAE-Sephacel, previously equilibrated with 50 mM potassium phosphate buffer, pH 7.8, containing 1 mM dithioerythritol and 1 mM EDTA (buffer A). By washing the column with buffer A at a flow rate of 30 mlIh, the first 126 ml of protein solution was separated and used for purification of thioredoxin. After inclusion of 100 mM KCl and elution of an additional 145 ml, dihydrolipoamide dehydrogenase and ET-FP were eluted by 1,000 ml of a linear gradient of 0.1 to 1 M KCI in buffer A. Dihydrolipoamide dehydrogenase activity was detected at 0.20 M KCI, whereas the electron transferase activity of the ET-FP eluted at 0.25 M KCI.
The dihydrolipoamide dehydrogenase activity was pooled, dialyzed against buffer A, and subjected to heat treatment at 70°C for 5 min. Ammonium sulfate was added to the protein solution to give 4% saturation to precipitate denatured protein. After centrifugation for 30 min at 4°C and 39,000 x g, the supernatant was dialyzed against 10 mM potassium phosphate buffer, pH 7.0, containing 1 mM dithioerythritol and 1 mM EDTA (buffer B) and applied to a hydroxylapatite Bio-Gel HTP column (5 by 30 cm; bed volume, 20 ml) equilibrated with buffer B. After being washed with the same buffer, dihydrolipoamide dehydrogenase was eluted by 200 ml of a linear gradient of 0.01 to 1 M potassium phosphate, pH 7.0. Dihydrolipoamide dehydrogenase activity was resolved at 0.18 M potassium phosphate. Fractions containing activity were pooled, dialyzed against buffer A, and applied to a reactive red-120 agarose column (1.4 ml) previously equilibrated with buffer A. After being washed with buffer A, dihydrolipoamide dehydrogenase activity was eluted by 3.7 ml of buffer A containing 0.5 M KCI. After dialysis against buffer A, the protein was applied to a Mono Q HR 5/5 column (0.5 by 5 cm; bed volume, 40 ml) equilibrated with 50 mM Tris-HCl buffer, pH 8.2, containing 1 mM dithioerythritol and 1 mM EDTA. After being washed with this buffer, the dihydrolipoamide dehydrogenase was eluted by 50 ml of a gradient of 0 to 1 M KCl in the aforementioned Tris buffer. Dihydrolipoamide dehydrogenase activity was obtained at 0.44 M KCl.
For further purification of thioredoxin, 120 ml of the aforementioned washthrough fraction of the DEAE-Sephacel column was subjected to ammonium sulfate fractionation from 65 to 85% saturation and centrifuged for 30 min at 4°C and 39,000 x g. After the pellet was dissolved in 3.1 ml of buffer A, the protein solution was applied to a Sephacryl S-100 HR column (2.6 by 100 cm; bed volume, 496 ml). The proteins were eluted with buffer A at a flow rate of 30 ml/h, concentrated by ultrafiltration (Ultrafilter SM 14549; Sartorius, Gottingen, Federal Republic of Germany), and stored at -20°C. The final yield was 6.4 mg of protein.
Purification of thioredoxin and ET-FP of E. acidaminophilum. The ET-FP (previously called atypically small dihydrolipoamide dehydrogenase) was purified as described before (4).
To purify the thioredoxin from E. acidaminophilum, 50 ml of crude extract (1,800 mg of protein) was applied to a column (5 by 6 cm; bed volume, 120 ml) of DEAE-Sephacel previously equilibrated with buffer A. Protein that did not firmly bind to the DEAE-Sephacel was eluted by washing the column with 200 ml of buffer A at 4°C and a flow rate of 60 ml/h; bound proteins were eluted with 200 ml of 3 M KCl in buffer A. Fractions containing dihydrolipoamide dehydrogenase-stimulating activity were pooled, and ammonium sulfate was added to give 70% saturation. The solution was stirred for 15 min at 4°C. The precipitate was removed by centrifugation for 30 min at 24,000 x g, and the supernatant was brought to 100% ammonium sulfate saturation. After stirring for 15 min at 0°C and centrifugation for 30 min at 24,000 x g, the precipitate was suspended in buffer A, dialyzed for 18 h against buffer A at 4°C, and concentrated by vacuum centrifugation (Univapo 150 H; Zirbus, Osterode, Federal Republic of Germany) to 1.6 ml (14.4 mg). The next step consisted of a preparative polyacrylamide gel electrophoresis using the electroendosmotic preparative electrophoresis unit ELFE (Genofit, Heidelberg, Federal Republic of Germany). A 10o polyacrylamide gel, pH 8.7
(2-cm diameter; 15 ml of polyacrylamide), was used for purification. The enzyme solution was mixed with saccharose crystals and 50 Fl of 0.05% bromophenol blue and applied to the gel surface. Electrophoresis was carried out at 100 V for 18 h in 0.1 M Tris-0.1 M glycine buffer, pH 8.7, at room temperature. Fractions that contained dihydrolipoamide dehydrogenase-stimulating activity were pooled; each was dialyzed against 20 mM potassium phosphate buffer, pH 7.0, containing 1 mM dithioerythritol (buffer C) and concentrated by vacuum centrifugation to a final volume of 0.25 ml. Three fractions containing the highest dihydrolipoamide dehydrogenase-stimulating activity were pooled and again applied to a preparative polyacrylamide gel, using the conditions described above. Fractions that contained dihydrolipoamide dehydrogenase-stimulating activity were pooled; each was dialyzed against buffer C and stored at -20°C. The final yield was 0.6 mg of protein.
Determination of heat stability of thioredoxin. Homogeneous thioredoxin (3.2 ,ug) was incubated separately for 5 min at the test temperature before it was added to the cuvette, in which the dihydrolipoamide dehydrogenase activity was measured by using 6.25 ILg of ET-FP and 3 ,ug of thioredoxin in a final volume of 1 ml.
Analytical methods used for proteins. The homogeneity of thioredoxin was tested by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis using 15% gels as described previously (3), whereas 10% gels were used for the other proteins purified. The determination of protein concentrations, molecular weights, and protein spectra as well as N-terminal sequence analysis were performed as described before (4).
RESULTS
The dihydrolipoamide dehydrogenase activity, assayed as reduction of NADP by dihydrolipoamide, was due to two different protein systems present in crude extracts of C. litoralis. Already 93% of the total units were lost during the first purification step by DEAE-Sephacel (Table 1 ). The elution pattern revealed two activity peaks, of which the peak eluting later lost all activity during the next purification step. This finding indicated that a protein might have been separated that was necessary to restore that part of dihydrolipoamide dehydrogenase activity. The purification of the first eluting activity peak, which finally contained the genuine dihydrolipoamide dehydrogenase, was not accompanied by another dramatic loss in total activity. The protein was obtained homogeneously, as evidenced by native and SDSpolyacrylamide gel electrophoresis and exhibited molecular sizes of 93 and 53 kDa, respectively. The absorption spectrum was typical for a flavoprotein, with a maximum at 455 nm and shoulders at 485 and 430 nm. The A280/A450 ratio was 4.8. The enzyme was most active with NADP, whereas the activity was about 82% with NAD ( Table 2 ). The enzyme also catalyzed the reduction of lipoamide by NADPH or NADH but only to 4%, thus strongly preferring the reduction of pyridine nucleotides. The protein also catalyzed an electron transferase reaction with some artificial electron acceptors (Table 2) . Km values were determined for the main reaction, the oxidation of dihydrolipoamide by pyridine nucleotides, and found to be 0.48 and 0.65 mM for dihydrolipoamide using NAD and NADP, respectively, 0.50 mM for acidaminophilum by monitoring the dihydrolipoamide dehydrogenase-stimulating activity procedure to purify the thioredoxin from E. acidaminophilum involving chromatography on DEAE-Sephacel, ammonium sulfate precipitation, and chromatography on Sephacryl S-100 (data not shown) resulted in a protein fraction that showed only one band in native polyacrylamide gel electrophoresis. However, amino acid sequence analysis exhibited two N-terminal polypeptide chains. Further purification procedures that consisted of chromatography on anion exchangers down to pH 4, cation exchangers up to pH 10, reactive red agarose, phenylSepharose, and Cu2+-chelating Sepharose failed in separating these two quite similar polypeptide chains. The thioredoxin was purified to homogeneity by preparative native gel electrophoresis using an electroendosmotic preparative electrophoresis unit. The amino acid analysis exhibited only one N-terminal polypeptide chain ( Table 3 ) that was also indicative of the purity of the thioredoxin. The dihydrolipoamide dehydrogenase activity of the ET-FP of E. acidaminophilum (2 ,ug of protein, obtained by electroelution of the anti-E. acidaminophilum ET-FP immunoglobulin G-Sepharose 4B column [4] ) was stimulated about 50-to 100-fold by thioredoxin (up to 10 ltorus contains the correspnding proteins (6, 7) . Thus, a classical glycine decarboxylase complex (14) should be active in C. litoralis, in contrast to E. acidamnophilum (8 
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The presence of a thioredoxin could be anticipated after the discovery that in C. litoralis a small heat-stable protein fraction interacted with an ET-FP that exhibited strong homologies to thioredoxin reductase (4). Thioredoxin had not been detected before in extracts of E. acidaminophilum, for it could not be concentrated by DEAE (7). This anomaly is only known for thioredoxins of C. pasteurianum and Anabaena sp. strain PCC 7120 (1, 10). The high thermal stability of the proteins isolated from C. litoralis and E. acidaminophilum and their molecular sizes of 15 and 14 kDa are consistent with the typical characteristics of thioredoxin (9) . The N-terminal sequencing data provided the most convincing evidence that both proteins are thioredoxins. Comparison of the two proteins revealed 76% identical amino acids (of 38 aligned). Compared with E. coli thioredoxin and its numbering system, 14 amino acids were identical within positions 10 to 40, which belong to the amino acids of general consensus. Two differences were noted at the strongly conserved redox-active site, both close to Cys-32. Glycine replaced Trp-31, and valine replaced Gly-33. Few exchanges have so far been documented for the redox-active tetrapeptide (-Cys-Gly-Pro-Cys-):thioredoxin C-2 of Corynebacterium nephridii contains alanine instead of Gly-33 (15) ; in thioredoxin of phage T4, valine replaces Gly-33 (as found in our two proteins) and tyrosine replaces (17) . No sequence homology existed to E. coli glutaredoxin, another small redox-active protein (12) .
The functional interaction of thioredoxin and the thioredoxin reductase-like ET-FP became quite obvious by the elicitation (C. litoralis) or stimulation (E. acidaminophilum) of a dihydrolipoamide dehydrogenase activity. Addition of thioredoxin increased the affinity for dihydrolipoamide and other dithiols for the ET-FP of E. acidaminophilum (2) . Thioredoxin affected only those reactions of both ET-FPs that obviously involved the disulfide group of the enzyme. Reactions were not stimulated by thioredoxin, which implicated just the flavin moiety of the enzyme, as in the NADPH oxidase reaction. This finding strongly pointed to a disulfide interchange reaction between the two proteins. Thioredoxin can interact with disulfides such as dihydrolipoarnide (11) . Therefore, the new dihydrolipoamide dehydrogenase activity can be explained by interaction of the NADPH-dependent ET-FP with thioredoxin and lipoamide (equations 1 to 3).
Given the identification of thioredoxin in this study, it seems likely that the ET-FP is actually a thioredoxin reductase. The involvement of these two proteins in the glycine reductase system (13) is indicated because the selenoprotein PA, a characteristic component of that system (4, 13) , exerts a further stimulation of the dihydrolipoamide dehydrogenase reaction (16) as a result of the interaction of thioredoxin and the thioredoxin reductase-like ET-FP. The latter protein is known to be closely associated with the selenoprotein PA of the glycine reductase (8) .
